presumed cerebral localization due to any iatrogenic cause were eligible for inclusion. We included only cases where ICGE was either radiologically proven or was the most likely diagnosis according to explicit statements or descriptions from the original authors. Criteria for exclusion were: animal studies, non-cerebral gas embolism, extravascular air or gas only, and non-iatrogenic causes. Language selection was limited to English, Norwegian, Danish, Swedish, and German.
The methodological quality of case reports may be systematically assessed using quantitative methods, 8 but it has been proposed that a qualitative assessment emphasizing domains relevant to the clinical problem in question is preferable, 9 and this has been the basis for our assessment. Based on the nature of the condition, we considered adequately reporting the following parameters as a minimum requirement for reports of high methodological quality and educational value: procedure leading to embolism, symptoms, diagnostic process, treatment, and outcome. We
Records identified through database search n = 382
Records after duplicates removed n = 551
Records excluded n = 129
Full-text records screened n = 422
Records excluded n = 233 Records included for qualitative analysis n = 189
Additional records identified through other sources n = 219 F I G U R E 1 PRISMA: Process for identifying relevant records
Editorial Comment
This systematic review presents causes, symptoms, and outcomes of iatrogenic cerebral gas embolism, as analyzed from case reports. A broad range of causes of iatrogenic cerebral gas emboli were identified. CT scans were often employed to confirm the diagnosis, and hyperbaric oxygen treatment was frequently used.
HATLING ET AL.
| 155 considered a follow-up time of 180 days to be adequate unless the patient died before this time, as the greatest potential for recovery is considered to be within the first 6 months. 10 Cases from series of three or more cases were considered less biased.
The risk of bias was assessed on an overarching level, as the variation between reports is insignificant compared to the inherent bias associated with this type of publication.
| Data extraction
After full-text screening, data were independently extracted by two researchers for each case. Conflicts were resolved by revisiting the case in question and involving a senior researcher. We used an extraction form developed for this study, and extracted data were collated into a single database. Finally, we screened for corresponding sex, age, and procedure to identify and remove duplicate cases.
| Classification of etiology and outcome
When sufficient information was available, we classified the etiology and outcome of each case based on the authors' descriptions. In addition to the specific procedure closest related to embolization in each case, we aimed to identify whether this was related to error in conduction of a procedure, equipment failure, patient activity, or whether embolism occurred without any indication of procedure related error.
The latest reported outcome of each case was scored according to the Glasgow Outcome Score (GOS), 11 which provides an objective measure of outcome in patients with brain damage.
3 | RESULTS
| Methodological quality of cases
The five parameters deemed essential for this type of case report, i.e. adequately reported procedure, symptoms, diagnostic process, treatment, and outcome, were adequately presented in 155 cases (high quality), while sufficient reporting of one or more parameters lacked for 109 cases (low quality).
However, when considering a follow-up time in concordance with newer data on cerebral ischemic events, which indicates that assessing the outcome after 180 days is appropriate, we found that only 42 case reports met the criteria for high quality reporting.
| General characteristics
As shown in Figure 1 , we identified 264 cases with ICGE, 152 men and 106 women, from 189 studies. In six cases, gender was not specified. Age ranged from 0 to 84 years for women (median 54), 0-91 years for men (median 57), and was not specified in six. Screening revealed no non-unique cases.
| Etiology
The procedure associated with embolization was clearly reported in 260 cases, but only in 172 was a specific mechanism suggested, with large variation in level of detail. cases, no indication of a procedure related error was found. The cause of embolism was not specified or unclear in 104 cases. 
| Symptoms

| Diagnostics
Applied diagnostic modalities are shown in Table 2 , results of imaging in Table 3 . In the majority of patients, a CT scan was conducted in the acute phase. A majority of these showed findings supporting the diagnosis of ICGE, usually visible air in cerebral vessels. MRI was conducted in the acute phase only in a minority.
Echocardiography was used to confirm the diagnosis in four patients. In 22 patients, the entry of air was directly observed or indicated by air in central line, hemodialysis catheter or other tubing, or seen during angiogram. Further imaging was not used to confirm the diagnosis in any of these cases. In 14 patients, ICGE was not diagnosed initially but retrospectively through autopsy or by revisiting the patient case. In 24 cases, the applied diagnostic modalities were not stated.
| Treatment
The applied therapeutic measures were specified in 170 cases. As shown in Table 4 , 117 patients received hyperbaric oxygen (HBO), while 44 were treated with supportive, vasoactive or neuroprotective measures. In nine cases, the authors specifically stated that no targeted treatment was given, in five due to spontaneous resolution of symptoms. Use of the Trendelenburg position with head-down was reported in nine cases. Time from diagnosis to HBO was reported in 56 patients with a median of 9.9 hours to treatment, and a range of 0.2 hours to 6 days. In 23 patients, time from diagnosis to treatment was ≤6 hours.
| Outcome
Outcome was reported for 249 patients and scored according to GOS (Table 4) . Time of latest noted outcome was reported in 68% of case reports and ranged from one hour to 15 years (median 7 days).
4 | DISCUSSION
| Summary of the results
In this review of 264 published cases with ICGE, a wide range of procedures leading to embolization was identified. The respective procedures were in most cases reported to be conducted without error or accident, but some form of procedure related error was reported in a relatively large number. Patient activity and defective equipment have also been reported as causes of ICGE. Neurological, neuropsychological, and cardiopulmonary symptoms dominated. The diagnosis was in the majority of cases based on or confirmed by radiology, predominantly CT in the acute phase. When reported, the specific treatment was frequently HBO, but a range of other targeted treatment measures have also been applied.
T A B L E 1 Procedures reported as cause of iatrogenic cerebral gas embolism (ICGE)
Procedure associated with embolization n Angiography/contrast injection 13
Arterial catheter 6 Procedures reported as cause of iatrogenic cerebral gas embolism (ICGE). A more detailed list is found in Appendix S2.
T Delayed CT 50 68
Acute phase MRI 9 15
Delayed MRI 34 37
In the acute phase, air with or without cerebral edema was considered a positive finding; in delayed imaging, ischemia, and other signs of injury were considered positive findings.
| 157
| Strengths and limitations
While we assessed the methodological quality of the included case reports, no papers were excluded from the review because of this.
Although a large proportion of the case reports did not include the parameters deemed essential for high quality of reporting, they still yield valuable information. They provide, for example, procedures 
| Etiology
We found a wide range of procedures where ICGE should be recog- 
| Symptoms
The symptoms of cerebral gas embolism are largely the same as those of other types of cerebral ischemic events, predominantly neurological and neuropsychological. However, in some patients, neurological symptoms did not feature-indicating that it is also important to bear the condition in mind even without typical signs and symptoms. Cardiopulmonary symptoms were also frequent, sometimes preceding and potentially masking neurological symptoms, although the chronology of symptoms was only reported in a few cases. Loss of consciousness of circulatory origin can rarely be distinguished from neurologic causes and all changes in consciousness were in our material therefore categorized as neuropsychological symptoms.
T A B L E 4 Latest reported outcome by treatment received
Glasgow Outcome Score (GOS) HBO Non-HBO treatments: Anti-epileptics, barbiturates, benzodiazepines, catheter-based removal of gas, dextran, glycerol, heparin, induced hypertension, mannitol, norepinephrine, normobaric O 2, steroids, therapeutic hypothermia, Trendelenburg position. GOS score based on authors' descriptions.
| Diagnostics
In some patients, the diagnosis of ICGE was based on clinical findings only, which may be sufficient in a setting with short time between a procedure with ICGE as a known complication and the appearance of relevant symptoms. Other causes of acute neurological symptoms, such as cerebral hemorrhage or thromboembolism are also possible complications of a number of medical procedures, for instance cardiopulmonary bypass. 14 As these conditions do not benefit from HBO, a means of separating them from gas embolism, i.e.
imaging, may be necessary, although concerns about this delaying treatment have been expressed. 15 CT is less time-consuming than MRI and usually appropriate to visualize air, 16 which seems reflected in our material, as most of the acute phase CTs in these patients showed the presence of air or other indication of gas embolism.
| Treatment
Treatment with HBO depends on the availability of a hyperbaric chamber and is often limited to larger hospitals or patients able to be transported. The fact that HBO was used in the majority of cases where treatment was specified may indicate its acceptance in the management of gas embolism, although bias toward case publishing from larger institutions has to be taken into account. In our material, two case series of 11 and 30 patients, respectively, focused exclusively on HBO treatment, and will naturally regardless of otherwise high quality of reporting be afflicted with a selection bias toward this. Other targeted treatments for ICGE were also used, but the available material is not appropriate for comparative analyses, and in many cases these treatments were given in addition to HBO.
Normobaric oxygen was the most frequent non-HBO treatment.
This is an important supportive measure, which may also have an effect on bubble size by increasing the gradient for diffusion of nitrogen and other inert gases out of bubbles. Increased partial pressure of oxygen will also improve oxygenation of affected tissues. Therefore, in cases where HBO is not available or delayed, treatment with normobaric O 2 in high concentration has been advised. 16 Placing the patient in the Trendelenburg position was described in a few cases. There is disagreement as to whether this is advisable or not, since the risk of cerebral edema is thought to increase, 17 and the buoyancy of bubbles might not overcome the blood flow toward the brain. 17 In cases of venous embolism, placing the patient in Trendelenburg and left lateral decubitus position has previously been recommended, 16, 18 while a flat supine position has been suggested in arterial gas embolism. 19 Other reported treatments aimed to decrease the damage inflicted by the embolism, rather than decreasing or removing gas bubbles. Use of steroids was reported in six cases, although cerebral gas embolism leads to a cytotoxic edema, which usually does not respond to corticosteroids. 20 
| Outcome
Outcome was inconsistently reported. Comparability of patient outcomes could be facilitated by the implementation of a scoring system such as the GOS as a standard in these case reports. As recovery from cerebral ischemic events often requires longer recovery times, particularly for more severe cases, 10 a longer follow-up time and an objective scale for assessment would improve the utility of these case reports in the future.
Previous studies have shown better outcome for patients treated with HBO within six 21 and seven hours. 15 In the study material we did, however, see several cases of patients receiving HBO after multiple days (up to four days), and still recovering fully-indicating that closer investigation of the temporal relationship between embolization and treatment start would be valuable. Nevertheless, as in other occlusive events, time from diagnosis to treatment should be as short as possible. dence from research is difficult to provide. To strengthen this practice and distribute clinically relevant experiences, a certain standard of reporting is desirable. The CARE statement 24 is a widely recognized standard for case reports and provides clear guidelines for consistent reporting. Our recommendation is that future cases of ICGE should be reported according to the CARE standard, with additional attention to ICGE-specific parameters, as specified in Table 5 .
| CONCLUSION
The causes, presentation, and outcomes of ICGE in published cases vary significantly, with outcomes ranging from quick, complete recovery to severe neurologic sequelae or death. Widespread awareness of the condition in general, and especially in relation to a wide array of procedures could potentially improve prospects for affected patients. To identify a difference in outcome between available treatment alternatives, further investigation is necessary. As ICGE is poorly suited for randomized controlled trials, case reports may be an important source of clinical data and key in the development of guidelines and recommendations. A standardized method of reporting such cases would facilitate higher quality research and increase the utility of these reports.
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